Significance Statement
======================

Human genome wide genetic association studies have identified polymorphisms within the *CACNA1C* gene, which codes for the alpha1C subunit of the Cav1.2 L-type calcium channel, with the risk of developing bipolar and major depressive mood disorders. We assessed the role of *Cacna1c* in mediating susceptibility to maladaptive responses to chronic social stress, showing that in mice susceptible to chronic social defeat stress, *Cacna1c* levels in the nucleus accumbens are reduced. Reduced *Cacna1c* expression selectively in the nucleus accumbens did not itself directly induce maladaptive social and anhedonic behaviors. In contrast, following sub threshold social defeat, social interaction and hedonic responses are impaired in animals with reduced nucleus accumbens *Cacna1c* expression. This knowledge of how *Cacna1c* promotes maladaptive behaviors may implicate pharmacological target points, leading to improved treatments for mood disorders.

Introduction {#s1}
============

Genome-wide association studies have identified polymorphisms within the *CACNA1C* gene, which codes for the α1C subunit of the Ca~v~1.2 L-type calcium channel (LTCC), with the risk of developing schizophrenia, bipolar disorder, and major depressive disorder ([@CIT0020]; [@CIT0008]; [@CIT0011]; [@CIT0021]; [@CIT0016]). In healthy volunteers, risk-associated single nucleotide polymorphisms in *CACNA1C* predict higher scores on measures of depression, anxiety, interpersonal sensitivity, neuroticism, increased anxiety, and negative mood ([@CIT0006]; [@CIT0017]).

LTCC function has previously been associated with maladaptive responses to acute stress. In rodents, pharmacological blockade of LTCCs results in antidepressant effects in the learned helplessness paradigm as well as the forced swim and tail suspension tests ([@CIT0014]; [@CIT0002]; [@CIT0018]; [@CIT0019]). Similarly, *Cacna1c* haploinsufficiency is associated with resilience in the learned helplessness paradigm and decreased immobility in the forced swim and tail suspension tests, but also increases the expression of anxiety phenotypes in conflict tests such as the elevated plus maze (EPM) ([@CIT0003]). These previous rodent studies used short-term induction of physical stress to elicit behavioral responses, providing limited insight into the role that *Cacna1c* may have in modulating the maladaptive consequences of social stress, which is recognized as a model of a risk factor for human depression ([@CIT0015]).

A primary brain circuit associated with social stress-induced maladaptive behaviors is the mesolimbic dopamine system, where social defeat results in a series of molecular and physiological changes within the ventral tegmental area and nucleus accumbens (NAc) ([@CIT0010]). Although there is substantial evidence indicating that the ventral tegmental area to NAc pathway (mesolimbic system) mediates a subset of stress-elicited behaviors, the role of *Cacna1c* in this region in mediating such behaviors remains essentially unknown. We assessed the role of *Cacna1c* in mediating susceptibility to maladaptive responses to social defeat stress by first quantifying levels of *Cacna1c* in mice susceptible and resilient to chronic stress, and secondly by assessing behavioral effects of reducing *Cacna1c* selectively in the NAc.

Methods {#s2}
=======

Animals {#s3}
-------

Mice were male wild-type (Jackson Laboratories, Bar Harbor, ME) or conditional *Cacna1c* knockout mice ([@CIT0009]) on a C57BL/6 background 8 and 14 weeks of age. CD-1 retired breeder mice were from Charles River (Raleigh, NC). Experimental procedures were approved by the UMB IACUC and conducted in full accordance with the NIH Guide for the Care and Use of Laboratory Animals.

qPCR for Cacna1c Expression {#s4}
---------------------------

mRNA was extracted from the NAc of control mice and mice classified as resilient or susceptible following chronic social defeat. Primers: *Cacna1c* (5'-CACCATTGCCTCCGAACATTAC-3', 5'-GGCTTTATTGGCTGTGTCTTGC-3'), beta-actin (5'-TGAGACCTT CAACACCCCAG-3', 5'-GAGCATAGCCCTCGTAGATG-3'), GAPDH (5'-CCACTCACGGCAAATTCAAC-3', 5'-AGACTCCACGAC ATACTCA-3'), and 18-S (5'-CCAGTAAGTGCGGGTCATAAGC-3', 5'-CCATCCAATCGGTAGTAGCGAC-3') were from Integrated DNA Technologies (Coralville, IA). The PCR reactions were run on a ViiA 7 Real-Time PCR System (Life Technologies) with a reaction volume of 15 µL and an annealing temperature of 60°C. ViiA 7 software (Life Technologies) was used to determine Ct values. *Cacna1c* levels were normalized to the geometric mean of beta-actin, GAPDH, and 18-S, and fold difference was determined using the 2^-ΔΔCt^ method ([@CIT0012]).

Virus Injections {#s5}
----------------

A total of 0.7 µL AAV-CMV-Cre-recombinase (Cre)-green fluorescent protein (GFP) or AAV-CMV-GFP (UNC Vector Core, Chapel Hill, NC) was injected bilaterally into the NAc (+1.6 anterior/posterior, +1.5 lateral, and -4.4 dorsal/ventral, 10° angle). Injections were performed at a rate of 0.1 uL/min, and the needle was left in place for 10 minutes prior to removal. A 2-week recovery period was given prior to experiments. Following experiments, mice were euthanized and the brain immediately sectioned into 1.0-mm slices using a matrix (ASI Instruments, Warren, MI) and placed in cold PBS. Brain slices were then visualized through a fluorescent microscope (Leica Microsystems GmbH, Wetzlar, Germany). Mice that did not show fluorescence bilaterally in the NAc were excluded from the results.

Microscopy {#s6}
----------

The 30-µm coronal sections of paraformaldehyde perfused brains were cut in a cryostat and placed in 1x PBS. Sections were then blocked in 20% Triton X-100 (Sigma-Aldrich, St. Louis, MO) for 30 minutes and incubated overnight with primary antibody (chicken anti-GFP, 1:4000, Aves Labs, Inc., Tigard, OR) at room temperature. Sections were washed and incubated in secondary antibody for 2 hours at room temperature (donkey anti-chicken Alexa-488 Green, 1:1000, Life Technologies, Grand Island, NY), mounted, and cover slipped. After drying, sections were visualized and photographed under a confocal microscope (Olympus Fluoview, Tokyo, Japan).

Chronic Social Defeat {#s7}
---------------------

Based on a previously described protocol, C57BL6 mice were exposed to a different aggressive retired CD-1 breeder for 10 min/d, after which they were housed in the same cage as the aggressor on the other side of a perforated divider for 24 hours, which was repeated for 10 days ([@CIT0010]). Control mice were housed with one mouse on each side of a perforated divider and were rotated at the same intervals. On day 11, the time spent in the interaction zone during the first (target absent) and second (target present) trials was measured. The interaction ratio was calculated as 100 × (interaction time, target present)/(interaction time, target absent). Resilient and susceptible mice were defined as above and below 100, respectively ([@CIT0010]).

Subthreshold Social Defeat {#s8}
--------------------------

The subthreshold social defeat was similar to the chronic social defeat procedure, except C57BL/6 mice were exposed to the CD-1 mouse for 2 minutes, then separated by the perforated divider for 15 minutes, which was repeated a total of 3 times, every 15 minutes, with a new CD-1 aggressor ([@CIT0010]). At 24 hours following subthreshold defeat, mice were tested for social interaction in an apparatus with a small chamber connected to two 18-cm x 20-cm chambers (Stoelting Co.) illuminated at 20 lux as described ([@CIT0025]). A small wire cage, or an identical cage with a CD-1 mouse inside, was placed within each of the 2 chambers. The amount of time that mice spent sniffing each cage was assessed using CleverSys tracking software (CleverSys, Inc.).

Female Urine Sniffing Test (FUST) {#s9}
---------------------------------

Our FUST procedure ([@CIT0013]) was previously described ([@CIT0025]). The amount of time mice spent interacting with a cotton-tipped applicator soaked in either fresh male or female mouse urine during a total of 3 minutes was recorded.

EPM {#s10}
---

The EPM consisted of 2 closed arms and 2 open arms, each 39 cm in length x 5 cm in width, elevated 50 cm above the floor (Stoelting, Woodale, IL), and was illuminated at 3 to 5 lux. The amount of time spent in each arm and total distanced moved was determined using CleverSys tracking software (CleverSys, Inc., Reston VA).

Statistical Analysis {#s11}
--------------------

Statistical analyses were performed using GraphPad Prism Version 6 (GraphPad Software, San Diego, CA) and Statistica (StatSoft, Tulsa, OK). The statistics used were 2-tailed *t*-test, 1-way ANOVA, or repeated-measures 3-way ANOVA, followed by Bonferroni posthoc tests. Data are reported as mean ± SEM and *P* \< .05 was considered significant.

Results {#s12}
=======

Social Defeat Susceptibility Is Associated with a Reduction of NAc Cacna1c Expression {#s13}
-------------------------------------------------------------------------------------

Mice exposed to social defeat stress segregate behaviorally into 2 outcomes: those susceptible to social defeat and those that are resilient. To determine if there is a relationship between *Cacna1c* mRNA levels in the NAc and susceptibility to chronic social defeat, we quantified *Canca1c* in mRNA from mice that manifested resilience and susceptibility following chronic social defeat. Control mice were animals that had not undergone a social defeat training paradigm. Our data ([Figure 1](#F1){ref-type="fig"}) demonstrate that lower levels of *Cacna1c* in the NAc are present in mice that have manifested defeat susceptibility (*F*(2,15)= 0.002, *P*\<.01). A Bonferroni posthoc test revealed that there is a significant difference between control and susceptible mice (*t*=3.702, *P*\<.01) as well as between resilient and susceptible mice (*t*=3.989, *P*\<.01) ([Figure 1](#F1){ref-type="fig"}). The expression levels of *Cacna1c* in control animals that did not undergo social defeat exhibit expression levels equivalent to the resistant group. Susceptibility to defeat is thus likely not due to a preexisting difference in *Cacna1c* expression, but instead there is an interaction between induction of defeat and gene expression in a subset of animals.

![Decreased *Cacan1c* expression in mice susceptible to chronic social defeat stress. *Cacna1c* mRNA levels from the nucleus accumbens (NAc) of control mice, and mice resilient or susceptible to social defeat was quantified. There is a significant effect of group on *Cacna1c* expression (*P*\<.01). Bonferroni posthoc tests revealed a significant difference in *Cacna1c* expression in susceptible mice compared with control and unsusceptible mice (*P*\<.01). Data are the mean ± SEM; n = 5 (control), 7 (unsusceptible), 6 (susceptible). \*\**P*\<.01](pyw11201){#F1}

Susceptibility to Subthreshold Social Defeat Is Enhanced following Cacna1c Knockdown in the NAc {#s14}
-----------------------------------------------------------------------------------------------

To test whether reduced *Cacna1c* in the NAc is causally linked to maladaptive behaviors or to susceptibility to social defeat stress, AAV-Cre-GFP was injected bilaterally in the NAc of mice containing 2 floxed *Cacna1c* alleles ([Figure 2a](#F2){ref-type="fig"}). In mice that received cre-GFP containing virus, there was a significant reduction in the level of *Cacna1c* expression in whole NAc punches of 36% measured by qPCR compared with AAV-GFP (*t*=4.43, *P*\<.01).

![Increased susceptibility to subthreshold social defeat stress and anxiety behavior following reduced *Cacna1c* in the nucleus accumbens (NAc). Conditional Cacna1c knockout mice received an injection of AAV-CMV-Cre-GFP or AAV-CMV-GFP bilaterally in the NAc and underwent either no defeat stress (control conditions) or subthreshold social defeat stress. (a) Representative image of GFP fluorescence indicates injection region (left) and cell specificity (right) in the NAc. (b) Social interaction following subthreshold defeat. Bonferroni posthoc tests revealed a significant difference in time spent interacting with the target mouse vs an empty cage in control AAV-GFP, control AAV-Cre, and defeat AAV-GFP mice (*P* \< .0001). There was no preference in mice that received AAV-Cre and underwent subthreshold defeat (*P* \< 1.0). (c) FUST performance following subthreshold defeat. There was a significant difference in time spent sniffing the female vs male urine in control AAV-GFP (*P* \< .001), control AAV-Cre mice (*P* \< .05), and defeat AAV-GFP mice (*P* \< .01). There was no difference between male and female sniffing time in AAV-Cre mice that underwent subthreshold defeat (*P* = 1.0). n = 8 to 9/group. (d) Injection of AAV-Cre to the NAc resulted in decreased open arm times in the EPM (*P* \< .05). (e) There was no effect of injection type on total distance travelled measured in the EPM (*P* = .815). Data are the mean ± SEM (n = 11--12/group). \*\*\*\**P* \< .0001, \*\*\**P* \< .001, \*\**P* \< .01, \**P* \< .05. *Abbreviations:* NAcc, nucleus accumbens core; NAcsh, nucleus accumbens shell; Control, mice that did not undergo social defeat; Defeat, mice that underwent subthreshold social defeat; Cre, Cre-recombinase; GFP, green fluorescent protein; FUST, female uring sniffing test; EPM, elevated plus maze.](pyw11202){#F2}

To test defeat sensitivity in animals with normal and reduced *Cacna1c* expression in the NAc, we used a subthreshold social defeat paradigm. This paradigm is a variation of the chronic social defeat paradigm that does not result in substantial behavioral changes in control mice ([@CIT0010]). Control animals, which did not undergo subthreshold social defeat, had no differences in social interaction between normal (GFP) and reduced *Cacna1c* expression (Cre-GFP) groups. However, when a subthreshold social defeat paradigm was administered, mice with reduced *Cacna1c* expression in the NAc showed a profound deficit in social interaction ([Figure 2b](#F2){ref-type="fig"}). A 3-way ANOVA indicated a significant interaction between target presence, *Cacna1c* NAc knockdown, and susceptibility to defeat (*F*(1,31) = 11.539, *P*\<.001) ([Figure 2b](#F2){ref-type="fig"}). Bonferroni posthoc tests revealed that all control mice prefer to spend time interacting with a target mouse compared with an empty container (*P*\<.0001). In contrast, Cre-GFP injected mice that underwent defeat showed no difference in time spent with the target mouse or empty chamber (*P*=1.0) ([Figure 2b](#F2){ref-type="fig"}).

The FUST is a measure of anhedonia that relies upon the strong preference of male mice to the smell of female mouse urine, which has previously been found to be reduced by various stressors, including social defeat ([@CIT0013]; [@CIT0024]; [@CIT0025]). We hypothesized that animals with induced social defeat will also manifest impaired "interest" in investigation of socially relevant and pleasurable cues. While there was no significant 3-way interaction between sniffing time, injection, and defeat, there was a significant interaction between sniffing time and injection (*F*(1,31)=8.30, *P*\<.01), as well as a trend for an interaction between sniffing time and defeat (*F*(1,31)=3.43, *P*=.074) ([Figure 2c](#F2){ref-type="fig"}). Control animals that did not undergo social defeat induction showed manifested FUST interaction with female urine. However, the reduction in *Cacna1c* expression abolished the preference for male or female urine in Cre-GFP injected mice that underwent subthreshold social defeat (*P*=.99). Taken together, these results indicate that elimination of the *Cacna1c* gene in a subset of NAc neurons does not induce social or anhedonia deficits but dramatically enhances susceptibility to social defeat stress resulting in maladaptive behavioral responses.

Cacna1c Knockdown in the NAc Increases Anxiety {#s15}
----------------------------------------------

Increased anxiety behavior and emotionality has been associated with maladaptive stress response in mice ([@CIT0023]; [@CIT0004], [@CIT0005]). To evaluate if reduced *Cacna1c* in the NAc increases anxiety-related behavior, mice with a bilateral viral-mediated knockdown of *Cacna1c* in the NAc ([Figure 2a](#F2){ref-type="fig"}) were tested in the EPM. Injection of Cre-GFP in the NAc led to significantly reduced time spent in the open arm compared with GFP injected mice (*t*(21)=2.541, *P*=.019) ([Figure 2d](#F2){ref-type="fig"}), as well as a significantly reduced ratio of time in open arms, compared with time in open and closed arms combined (*t*(21)=2.547, *P*=.019). Reduction in open arm time could be the result of motor deficit, which would manifest as reduced distance traveled. However, Cre-GFP-injected mice showed no difference in locomotor activity in the EPM compared with GFP-injected mice (*t*(21)=0.237, *P*=.815) ([Figure 2e](#F2){ref-type="fig"}). These data indicate that knockdown of *Cacnalc* has no impact of motor performance, but significantly increases anxiety behavior.

Discussion {#s16}
==========

In rodents, chronic social defeat is considered one of the most clinically relevant approaches to model components of human depression, with high face, construct, and predictive validity ([@CIT0001]; [@CIT0007]). Exposure to social defeat stress leads to a robust phenotype of maladaptive social behaviors, which includes increased social avoidance and anhedonia ([@CIT0010]; [@CIT0007]). We show that in mice susceptible to chronic social defeat stress, *Cacna1c* levels in the NAc are reduced ([Figure 1](#F1){ref-type="fig"}). Expression of *Canca1c* is unchanged in resilient mice compared with control mice not exposed to social stress ([Figure 1](#F1){ref-type="fig"}). Thus, we conclude that in susceptible mice, social defeat likely results in a reduction of *Canca1c*. However, reduced *Cacna1c* expression selectively in the NAc does not itself induce maladaptive social and anhedonic behavior directly ([Figure 2](#F2){ref-type="fig"}). Instead, following subthreshold social defeat, social interaction and FUST preference are impaired in animals with reduced *Cacna1c* expression, thus similarly implicating an interaction between *Cacna1c* levels and the social defeat experience.

Previous studies suggest that decreased *Cacna1c* expression either globally (or in the prefrontal cortex) is associated with resilience to acute stress and that pharmacological inhibition of L-type calcium channels exerts antidepressant effects in rodent behavioral tests predictive of antidepressant efficacy ([@CIT0014]; [@CIT0002]; [@CIT0018]; [@CIT0019]; [@CIT0003]; [@CIT0010a]). However, we found that region-specific knockdown of *Cacna1c* in the NAc promotes susceptibility. Biochemical and physiological findings in the NAc relevant to social stress susceptibility may be in the opposite direction compared with those findings in other brain regions, most notably in the hippocampus. For example, it is established that decreased BDNF in the hippocampus is associated with increased susceptibility to social defeat ([@CIT0001]), but increased BDNF is associated with increased susceptibility in the NAc ([@CIT0001]). It may be that *Cacna1c* is involved differently in acute vs chronic stress, or that *Cacna1c* exerts directionally different effects dependent upon the brain region and/or cell type in which it is expressed. This potentially has implications for human treatment, as the prevention vs reversal of depression phenotypes may respond differently to treatments targeted at Ca~v~1.2.

*CACNA1C* gene expression is reproducibly associated with risk of developing neuropsychiatric disorders ([@CIT0020]; [@CIT0021]; [@CIT0016]). The results from our study demonstrate that when levels of *Cacna1c* are reduced in the NAc, a sensitivity to social stress, and an anxiety phenotype emerges. As dysregulation of the mesolimbic dopamine system is known to contribute to the etiology of mood disorders, the knowledge that *Cacna1c* is important for behaviors mediated in part by the mesolimbic dopamine system has considerable implications for our understanding of how *Cacna1c* may confer risk. Our data indicate *Cacna1c* changes are likely upstream of the maladaptive social behaviors, conferring elevated susceptibility to maladaptive outcomes following defeat stress. However, the NAc is a heterogeneous structure with distinct neuronal populations. Knowledge of how *Cacna1c* promotes maladaptive behaviors through expression in specific neuronal types, and thus pharmacological target points, may lead to improved treatments for psychiatric conditions, including depression.
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